Mesophyll protoplasts from leaves of well-fertilized barley (Hordeum vulgare L.j plants contained amino acids at concentrations as high as 120 millimoles per liter. With the exception of glutamic acid, which is predominantly localized in the cytoplasm, a major part of all other amino acids was contained inside the large central vacuole. Alanine, leucine, and glutamine are the dominant vacuolar amino acids in barley. Their transport into isolated vacuoles was studied using "4C-labeled amino acids.
lyzed by ATPases. Other nucleotides were ineffective in increasing the rate of uptake. ATP-Stimulated amino acid transport was not dependent on the transtonoplast pH or membrane potential. p-Chloromercuriphenylsulfonic acid and n-ethyl maleimide increased transport independently of ATP. Neutral amino acids such as valine or leucine effectively decreased the rate of alanine transport. Glutamine and glycine were less effective or not effective as competitive inhibitors of alanine transport. The results indicate the existence of a uniport translocator specific for neutral or basic amino acids that is under control of metabolic effectors.
accumulate in the leaves. Stored amino acids are consumed when sulfur becomes available for growth.
Amino acid transport across plasma membranes has been studied in algae, oat coleoptiles, Vicia, Commelina, and Lemna leaves, suspension cultures, and cells isolated from various plant sources (2, 4, 14, 15, 18, 19) . The results indicate the existence of different uptake systems for basic, neutral, and acidic amino acids. Uptake of amino acids across the plasmalemma is energized by the pmf. However, little is known about transport across the tonoplast membrane of higher plants. Homeyer and Schultz (9) have investigated transport of phenylalanine into barley mesophyll vacuoles. Uptake was dependent on the pmf. Only in eucaryotic microorganisms active transport of amino acids into vacuoles has been studied in more detail (24; for review see ref. 10) . Seven transport systems with high specificity were found to catalyze an nH+amino acid antiport. Thus, amino acid uptake by yeast vacuoles also depended on the pmf which was sustained by the activity of an ATPase.
In the present paper, uptake of alanine, leucine, and glutamine was studied in isolated mesophyll vacuoles. The data suggest a transport mechanism that is different from that described for yeast vacuoles and for uptake of phenylalanine across the tonoplast of higher plants.
Within plant cells, sites of synthesis, storage, and degradation of amino acids and proteins have been studied in considerable detail. Different compartments such as chloroplast, cytosol, and vacuole are involved in amino acid metabolism and storage (20) ( 16) .
RESULTS

Amino Acid Contents of Mesophyll Protoplasts and Vacuoles
Protoplasts and vacuoles were isolated from barley leaves and analyzed for amino acids. The total amino acid concentration in protoplasts was 120 ± 43 mmol L' and in isolated vacuoles was 77 ± 32 mmol L'. Part but not much of the vacuolar amino acids was lost during isolation (8) . To make the relative distribution of amino acids in protoplasts and vacuoles comparable, amino acid contents were calculated not only as concentrations, but also as percent amino acid recovered in the vacuole and as mol % (Table I) . Most amino acids were found in comparable molar ratios in vacuoles and protoplasts. However, the concentration of glutamic acid was much larger in protoplasts than in vacuoles indicating predominant localization outside the vacuole. The data suggest higher concentrations in the cytoplasm than in the vacuole. This is particularly true for glycine, lysine, threonine, and serine. In the following, transport of the dominant vacuolar amino acids, alanine, glutamine, and leucine, across the tonoplast will be investigated. (22) . Therefore, the result is a first indication that ATP stimulation of alanine uptake does not depend on ATP hydrolysis.
Stimulation of alanine uptake by ATP was saturated with 10 mmol L-' ATP in the incubation medium (Fig. 3) . Halfsaturation with ATP was observed between 1 and 2 mmol L'. It should be mentioned that the stimulatory effect of ATP was somewhat lower in these experiments than is usually observed. Although the stimulatory effect of AMPPNP suggests that the tonoplast ATPase is not directly involved in stimulating alanine import, experiments were conducted to characterize the dependence ofalanine uptake on the transtonoplast membrane potential and pH. Nitrate, which is an inhibitor of the tonoplast ATPase, did not decrease the uptake rate of ['4C] alanine in the presence of ATP (data not shown). PCMBS and NEM, which modify SH-groups of polypeptides, increased the rate of ['4C]alanine uptake without added ATP. To some extent, stimulation by PCMBS or NEM was additive with respect to the stimulation by ATP (Table III) . Therefore, SH-groups may be involved in the regulation of ['4C]alanine uptake.
Specificity of Stimulation of [14C]Alanine Uptake
The results provide strong evidence that a proton-translocating ATPase is not directly involved in alanine transport. However, an electrochemical gradient such as the proton motive force could be involved in amino acid transport. Table IV summarizes the effects of reagents which influence the pmf of membranes on ['4C]alanine uptake. The potassium ionophor valinomycin decreases the electrical component of the pmf by allowing free diffusion of K+. Nigericin catalyzes a H+/K+-exchange and CCCP is a protonophor. NH4Cl also decreases the pH across the tonoplast membrane. None of these compounds inhibited alanine transport into the vacuoles. Isolated vacuoles as used in these experiments rapidly accumulate neutral red (microscopic analysis, result not shown). This indicates a pH gradient across the tonoplast membrane. We conclude that alanine transport into isolated vacuoles is independent of the pmf and therefore is not coupled to the primary energization by the tonoplast H+-ATPase.
Inhibition of Alanine Uptake by Other Amino Acids Table V shows competition between alanine and other amino acids for the transport system. Glycine and glutamine were not effective in inhibiting uptake of ['4C]alanine, whereas valine, leucine, and methionine (the latter not shown) considerably decreased ATP-stimulated uptake rates. In the absence of ATP, the low uptake rates were not further decreased by the addition of neutral amino acids.
Uptake of Glutamine, Leucine, and Methionine by Isolated Vacuoles Glutamine transport into vacuoles had similar characteristics as transport of alanine. Uptake of glutamine was linear with incubation time. In the absence of ATP, uptake of glutamine also increased linearly with concentration (data not shown). Uptake in the presence of 2 mmol L-' glutamine was 0.94 ± 0.49 without ATP and 3.86 ± 1.88 (n = 5) with MgATP. Uptake of glutamine was stimulated by PCMBS, both in the presence and in the absence of ATP. CCCP, nitrate, and NH4Cl did not inhibit glutamine transport (Table   VI) .
At comparable concentrations, rates of leucine uptake were lower than rates of uptake of glutamine or alanine. Stimulation by ATP was less than threefold. Lowest uptake rates were observed for methionine (Fig. 4) . Uptake of leucine in the Uptake of radiolabeled amino acids does not allow distinguishing between net uptake of amino acids and amino acid exchange between medium and vacuoles. Therefore, we investigated whether the transport of amino acids led to an increase in amino acid concentration. Isolated vacuoles were incubated in the presence of 10 mmol L' leucine for 2 and 20 min in the presence of 10 mmol L' ATP. Vacuoles were recovered by the silicon oil layer centrifugation and analyzed for leucine content. The leucine concentration increased from oil layer into the upper aqueous medium and for adsorption of amino acids to the tonoplast membrane. Both effects have to be distinguished from uptake into the vacuoles. The results do not distinguish uniport transport of leucine from exchange of leucine against other endogenous amino acids. However, efflux experiments show that there is no one-to-one stochiometry between uptake and release of amino acids from the vacuole (8 (25) and Alibert et al. (1) . These authors found alanine, glutamine, and leucine among the most abundant amino acids in protoplasts and vacuoles either isolated from suspension cultured Acer cells or from Tulipa leaf cells. Our data suggest higher amino acid concentrations in the cytoplasm than in the vacuole. However, it is unlikely that the cytoplasmic amino acid concentration is close to 300 mmol L' as calculated under the assumption that vacuoles comprise 80% of the protoplast volume. Three explanations are possible: (a) Amino acids were lost during isolation of the vacuoles. (b) The assumed volume of the vacuoles is too large. (c) Amino acid content ofthe cytoplasm is increased by binding ofamino acids and amino acids are further compartmentalized inside the cytoplasm.
As a mechanism of amino acid transport, diffusion through the tonoplast membrane does not allow sufficient rates of uptake for most amino acids detected inside the vacuoles. At the pH of the medium and of the cytosol (pH 7.2-7.6), the a-carboxyl groups (pK between 1.7 for cysteine and 2.6 for thyrosine) are almost completely dissociated, and the a-amino groups (pK between 8.3 for cysteine and 10.4 for threonine) and the amino groups ofthe side chains of lysine (pK = 10.5) and ofarginine (pK = 12.5) are protonated. With two to three charged side groups, molecules of a relative molecular mass between 75 and 204 are only slightly permeable in lipid membranes. Transport systems must be present in the tonoplast membrane which catalyze the transport. The data ofthis communication characterize an amino acid transporter with unique features.
In contrast to amino acid transporters of the plasmalemma (for review see ref. 23 ) and ofthe tonoplast ofmicroorganisms (24) , the carrier in barley mesophyll cells does not depend on the pmf. Although ATP is not required as substrate, ATP and the ATP analog AMPPNP activate the transporter. The transmembrane pH and the membrane potential may be dissipated without inhibition of alanine and glutamine uptake. Regulation of transporter proteins by ATP-binding has been described for channels in plant and animal cells (3, 13, 21) .
The affinity of the transporter for its substrate amino acids is low. Saturation was not observed up to a concentration of 20 mmol L'. At low substrate concentrations, uptake increased almost linearly with concentration. The highest rates were measured with alanine as substrate. Glutamine, leucine, and methionine were transported at lower rates. Interestingly, the differences in uptake rate corresponded to the changes in relative abundance ofthe amino acids inside the vacuoles: the highest amino acid concentration and the highest uptake rate were observed for alanine, followed by glutamine, leucine, and methionine. The increased uptake rate could therefore be explained partly by dilution ofthe transported radiolabeled amino acids into vacuolar amino acid pools of varying size.
If uptake of amino acids from the medium and efflux of endogenous amino acids occur simultaneously, uptake rates of amino acids, which are present at high vacuolar concentrations, appear to be higher than uptake of amino acids with low vacuolar concentrations. However, the dilution effect is not sufficient to explain the observed differences.
Efflux of amino acids from isolated vacuoles was also activated by ATP. ATP-stimulated efflux was inhibited by neutral amino acids. Leucine was more effective than alanine in decreasing amino acid efflux (8 
